There is strong evidence showing that aging is associated with vascular oxidative stress, which has been causally linked to the development of cardiovascular diseases. NF-E2-related factor-2 (Nrf2) is a transcription factor, which is activated by reactive oxygen species in the vasculature of young animals leading to the upregulation of various antioxidant genes. The present study was designed to elucidate age-related changes in the homeostatic role of Nrf2-driven free radical detoxification mechanisms in the vasculature. We found that in the aorta of Fischer 344 ϫ Brown Norway rats, aging results in a progressive increase in O 2 ·Ϫ production, and downregulates protein and mRNA expression of Nrf2, which is associated with a decreased nuclear Nrf2 activity and a decrease in the Nrf2 target genes NAD(P)H:quinone oxidoreductase 1, ␥-glutamylcysteine synthetase, and heme oxygenase-1. There was an inverse relationship between vascular expression of Nrf2 target genes and agerelated increases in the expression of the NF-B target genes ICAM-1 and IL-6, which was significant by regression analysis. In cultured aorta segments of young (3 mo old) rats treatment with H 2O2 and high glucose significantly increases nuclear translocation of Nrf2 and upregulates the expression of Nrf2 target genes. In contrast, in cultured aorta segments of aged (24 mo old) rats, the induction of Nrf2-dependent responses by H 2O2 and high glucose are blunted. High glucose-induced vascular oxidative stress was more severe in aortas of aged rats, as shown by the significantly increased H 2O2 production in these vessels, compared with responses obtained in aortas from young rats. Moreover, we found that aging progressively increases vascular sensitivity to the proapoptotic effects of H 2O2 and high glucose treatments. Taken together, aging is associated with Nrf2 dysfunction in the vasculature, which likely exacerbates age-related cellular oxidative stress and increases sensitivity of aged vessels to oxidative stressinduced cellular damage.
THE OXIDATIVE STRESS THEORY of aging postulates that increased production of reactive oxygen species (ROS) with age induces a variety of macromolecular oxidative modifications and that accumulation of such oxidative damage is a major causal factor in organismic senescence. Although there is currently much debate over the importance of increased cellular oxidative stress in regulation of life span (4, 29) , there is a consensus that increased ROS levels importantly contribute to the development of age-associated diseases (68) . There is strong evidence that oxidative stress develops with age in the arterial system both in humans (19 -21, 25, 28) and laboratory animals (16, 24, 26, 44, 61) . Increased production of ROS in the aged vasculature results in endothelial dysfunction and promotes the development of atherosclerotic vascular diseases (including myocardial infarction, stroke, vascular dementia), which are responsible for the majority of agerelated increases in morbidity and mortality in the Western world (for a recent review see Ref. 53 ).
Recent findings demonstrate that in the arteries of young animals in response to increased production of ROS (stimulated by proatherogenic conditions, including metabolic diseases, alterations in the hemodynamic environment, cigarette smoking) adaptive mechanisms are invoked that involve induction of NF-E2-related factor 2 (Nrf2)-driven antioxidant defense mechanisms (47, 58, 63, 64) . Nrf2 is an evolutionarily highly conserved redox sensitive transcription factor that upregulates the expression of numerous genes for proteins that detoxify ROS, as well as those with other antioxidant properties. In young organisms this homeostatic response serves to attenuate vascular oxidative stress and limit the damage caused by the increased production of ROS induced by diabetic conditions (27, 63) and other stressors (1, 62) . In the aged vasculature ROS production both by mitochondria (56) and by other sources [e.g., NADPH oxidases (9, 12, 16, 40) ] is significantly increased. In cells of young animals a similar level of ROS would result in an adaptive induction of Nrf2-driven free radical detoxification mechanisms. Despite the current advances in understanding the pathophysiological role of oxidative stress in vascular aging, the role of Nrf2-mediated antioxidant response in the aged vasculature is not well understood.
The present study was designed to test the hypothesis that in aging vessels increased production of ROS fails to activate Nrf2 resulting in increased blood vessel sensitivity to the deleterious effects of ROS. To test our hypotheses, we assessed aging-induced changes in ROS production in arteries of Fischer 344 ϫ Brown Norway (F344xBN) rats and correlated these changes with Nrf2 expression and activity and expression of Nrf2-driven antioxidant enzymes. Using cultured arteries isolated from young and aged rats we also determined whether aging impairs the ability of vascular cells to mount an effective antioxidant response to counteract the deleterious effects of oxidative stressors (H 2 O 2 treatment, model hyperglycemia) by inducing Nrf2-regulated ROS detoxification systems.
METHODS
Animals. F344xBN rats were used as a model of aging, since this strain has a lower incidence of age-specific pathology than other rat strains. Thus, in F344xBN rats, the primary effects of aging can be studied uncomplicated by compensatory effects caused by age-related pathology. Male 3-, 12-, 18-, 24-, and 28-mo-old F344xBN rats (n ϭ 4 -12 in each group) were obtained from the National Institute on Aging. All animals were disease free with no signs of systemic inflammation and/or neoplastic diseases. The rats were housed in an environmentally controlled vivarium under pathogen free conditions with unlimited access to food and water and a controlled photoperiod (12-h:12-h light/dark). All rats were maintained according to National Institutes of Health guidelines, and all animal use protocols were approved by the Institutional Animal Care and Use Committees of the participating institutions. The animals were euthanized with CO 2, and the carotid arteries and aorta were isolated.
Measurement of vascular O2 ·Ϫ production. Production of O2 ·Ϫ in the aortic wall was determined using dihydroethidium (DHE), an oxidative fluorescent dye, as previously reported (10, 51, 52) . In brief, vessels were incubated with DHE (3 ϫ 10 Ϫ6 mol/l; at 37°C for 30 min). The vessels were then washed three times, embedded in optimum cutting temperature (OCT) medium, and cryosectioned. Fluorescent images were captured at 20 ϫ magnification and analyzed using Metamorph imaging software as reported (11) . Four entire fields per vessel were analyzed with one image per field. The mean fluorescence intensities of DHE-stained nuclei in the endothelium and medial layer were calculated for each vessel. Thereafter, the intensity values for each animal in the group were averaged.
Immunofluorescent labeling for Nrf2. To assess nuclear translocation of Nrf2, immunolabeling for Nrf2 was performed using frozen vascular sections. In brief, vascular sections were incubated in icecold acetone (10 min) followed by washes in Tween-PBS (10 min) and then in PBS (3 ϫ 5 min). Triton (0.5%; 10 min) was used for permeabilization. The sections were blocked with 10% fetal calf serum in PBS for 1 h, and immunolabeling was then performed using a rabbit polyclonal antibody directed against Nrf2 (Abcam ab31163; 1:50, overnight, at 4°C, in PBS containing 1% BSA). Thereafter, slides were washed with PBS (3 ϫ 10 min) before adding the secondary antibody (Alexa Fluor 688 goat anti-rabbit IgG; for 1 h, at room temperature). After washing with PBS (3 ϫ 5 min), Hoechst 33342 (5 g/ml) was added for 5 min. The sections were coverslipped, and fluorescent images were obtained. Cells treated with the canonical Nrf2 activator sulforaphane (2 mol/l) were also immunolabeled using the aforementioned protocol and were used as positive controls (data not shown).
Organoid culture. Aorta segments isolated from young and aged rats were maintained in organoid culture (for 24 h) as previously described (60) . Vessels were treated with H 2O2 (from 10 Ϫ6 to 10 Ϫ4 mol/l) or high glucose (30 mmol/l), which effectively increases mitochondrial H2O2 generation (33) . At the end of the culture period nuclear Nrf2 binding activity, expression of Nrf2 targets, production of ROS, and apoptotic cell death were assayed as described below.
Nuclear extraction and Nrf2 binding activity assay. Nuclei were isolated from carotid arteries using the Nuclear Extraction kit from Active Motif (Carlsbad, CA) as reported (15, 60) . In brief, carotid arteries were homogenized with a dounce tissue homogenizer in 500 l ice-cold hypotonic lysis buffer followed by two centrifugation steps (500 g, for 30 s, 4°C) to exclude tissue debris. Nuclear proteins (ϳ10 g/vessel segment) were then extracted according to the manufacturer's protocol. Protein concentrations in samples were equalized using a Bradford protein assay (Bio-Rad). Using the nuclear extract obtained, Nrf2 binding activity was assayed using the TransAM Nrf2 ELISA kit (Active Motif) according to the manufacturer's guidelines.
Quantitative real-time RT-PCR. A quantitative real-time RT-PCR technique was used to analyze mRNA expression of Nrf2, Keap-1, and the Nrf2/antioxidant response element (ARE) target genes NAD(P)H:quinone oxidoreductase 1 (Nqo1), heme oxygenase-1 (Hmox1), ␥-glutamylcysteine synthetase (Gclc), and catalase in freshly isolated aortas as well as in aortas maintained in organoid cultures, as previously reported (12, 16, 59, 60) . In brief, total RNA was isolated with a Mini RNA Isolation Kit (Zymo Research, Orange, CA) and was reverse transcribed using Superscript III RT (Invitrogen) as described previously (14, 16) . A real-time RT-PCR technique was used to analyze mRNA expression using a Strategen MX3000, as reported (14) . Amplification efficiencies were determined using a dilution series of a standard vascular sample. Quantification was performed using the efficiency-corrected ⌬⌬Cq method. The relative quantities of the reference genes Gapdh, Hprt, and Actb were determined, and a normalization factor was calculated based on the geometric mean for internal normalization. Oligonucleotides used for quantitative real-time RT-PCR are listed in Table 1 . Fidelity of the PCR reaction was determined by melting temperature analysis and visualization of the product on a 2% agarose gel.
Western blotting. To analyze protein expression of Nrf2 and the Nrf2 targets NQO1, and GCLC, Western blotting was performed as described (13) , using the following primary antibodies: rabbit anti-Nrf2 (Abcam, ab31163; 1:1,000 5% milk), rabbit anti-Nrf2 (a generous gift from Dr. Scott M. Plafker, Oklahoma Medical Research Foundation, Oklahoma City, OK; 1:250 in 5% milk), rabbit anti-GCLC (Abcam, ab41463; 1 g/ml in 5% milk), and rabbit anti-NQO1 (Abcam, ab34173; 1:2,000 in 5% milk). All polyvinylidene difluoride (PVDF) membranes were incubated in primary antibodies overnight at 4°C. A donkey anti-rabbit polyclonal secondary antibody was used (Abcam, ab16284; 1:2,000 in 5% milk). Mouse anti-␤-actin (Abcam, ab6276; 1:10,000 in 5% milk) with a sheep anti-mouse IgG horseradish peroxidase linked secondary antibody (NA931V GE Healthcare UK, 1:10,000) and coomassie staining were used for normalization purposes. Measurement of vascular H 2O2 production. H2O2 production in cultured vascular segments with or without treatment with 30 mmol/l glucose (for 24 h) was measured fluorometrically using the Amplex Red/horseradish peroxidase assay as described (13) . The rate of H 2O2 generation was assessed by measuring resorufin fluorescence for 60 min by a Tecan Infinite M200 plate reader. A calibration curve was constructed using H 2O2, and the production of H2O2 in the samples was expressed as picomoles H2O2 released per minute, normalized to tissue wet weight.
Apoptotic cell death. To compare cellular resistance with oxidative stress in arteries of young and aged rats, increases in the rate of apoptosis in response to treatment with high glucose or H 2O2 (10 Ϫ4 mol/l, for 24 h) were assessed. The vessels were homogenized in lysis buffer, and cytoplasmic histone-associated DNA fragments, which indicate apoptotic cell death, were quantified by the Cell Death Detection ELISA Plus kit (Roche Diagnostics, Indianapolis, IN) as described (9, 17) . As an additional measure caspase 3 activity, which is also a useful measure of apoptosis, was measured as reported (17, 32, 57) , using the Caspase-Glo 3/7 assay system (Promega). Luminescent intensity was measured using an Infinite M200 plate reader and was normalized to the sample protein concentration.
Data analysis. Gene expression data were normalized to the respective control mean values. Statistical analyses of data were performed by Student's t-test or by two-way ANOVA followed by the Tukey post hoc test, as appropriate. Regression analysis was used to infer causal relationships between the independent and dependent variables. P Ͻ 0.05 was considered statistically significant. Data are expressed as means Ϯ SE. Blue autofluorescence of elastic laminae is shown for orientation purposes; propidium iodide (red) was used for nuclear staining (original magnification: 20ϫ). Arrows point to the nuclei of endothelial cells and smooth muscle cells (at right: overlay images). Note cytoplasmic localization of Nrf2 in each image. D: ELISA-based demonstration of age-related decline of basal Nrf2 binding activity in nuclear extracts from carotid arteries of F344XBN rats. Data are means Ϯ SE (n ϭ 4 -6 for each data point). *P Ͻ 0.05 vs. 3 mo old. E: representative Western blot showing an age-related decline in Nrf2 protein expression in the aorta of F344XBN rats. ␤-Actin was used as a loading control. Right: bar graphs are average normalized densitometric ratios. F: expression of Nrf2 mRNA in aortas isolated from 3-, 12-, 18-, 24-, and 28-mo-old F344XBN rats. Data are means Ϯ SE (n ϭ 4 -6 for each data point). *P Ͻ 0.05 vs. 3 mo old.
RESULTS

Age-related increase in vascular ROS production is not accompanied by increased Nrf2 activation and upregulation of
Nrf2-driven antioxidant genes. Representative fluorescent images of cross sections of DHE-stained aortas isolated from 3-, 12-, 18-, 24-, and 28-mo-old rats are shown in Fig. 1A . Analysis of nuclear DHE fluorescent intensities indicated that there was a significant age-related increase in vascular O 2 ·Ϫ production in rat aortas (Fig. 1B) . In young animals increased ROS levels are known to activate Nrf2, which translocates to the nucleus, where it binds to the ARE to activate transcription of phase II and antioxidant defense enzymes. Thus, to determine whether age-related oxidative stress is associated with Nrf2 activation, we tested nuclear translocation of Nrf2 and expression of known Nrf2 target genes. As shown in Fig. 1C , predominantly cytoplasmic labeling of Nrf2 with no significant nuclear staining was observed in arteries of aged rats, and this staining pattern did not differ from Nrf2 staining in arteries of young animals. To determine whether age-related vascular oxidative stress is associated with increased Nrf2 activation, we also assessed nuclear Nrf2 binding activity in aortas of rats from each age group. A significant, age-related decline in nuclear Nrf2 content was noted (Fig. 1D) . Analysis of vascular Nrf2 protein expression revealed that age-related decline in nuclear Nrf2 content parallels a general age-related decline in cellular Nrf2 expression (Fig. 1E) . Interestingly, our data show that vascular mRNA expression of Nrf2 also declines with age (Fig. 1F) ; however, the time course of age-related changes in mRNA and protein expression of Nrf2 occurred beginning at 24 mo of age. In contrast, mRNA expression of Keap-1 was significantly increased with advancing age (relative mRNA abundance: 1 Ϯ 0.2, 1.2 Ϯ 0.06, 1.5 Ϯ 0.2, 1.8 Ϯ 0.3, and 2.1 Ϯ 0.5 in aorta of 3-, 12-, 18-, 24-, and 28-mo-old rats, respectively).
A quantitative real-time RT-PCR technique and Western blotting was used to analyze mRNA and protein expression of known Nrf2 targets in rat aortas. We found that vascular expression of GCLC (Fig. 2, A and D) , NQO1 (Fig. 2, B and  D) , and heme oxygenase-1 (Fig. 2C) exhibited a significant age-related decline. The time course of the aforementioned changes was similar to the time course of age-related decline in nuclear Nrf2 content.
We found a significant inverse correlation between expression of Nrf2 protein and two independent markers of oxidative stress (mean nuclear DHE fluorescence and H 2 O 2 production assessed by the Amplex Red/horseradish peroxidase assay) in aorta segments isolated from rats of various ages (Fig. 3A) . We demonstrated that an inverse relationship exists between vascular H 2 O 2 production and mRNA expression of the NF-B target genes ICAM-1 and IL-6. The regression was significant for both targets (Fig. 3B) . Our analysis showed a significant inverse relationship between vascular expression of GCLC (Fig. 3C) or NQO1 (Fig. 3D) and expression of the NF-B target genes ICAM-1 and IL-6. Oxidative stressors elicit a blunted Nrf2-driven antioxidant response in aortas of aged rats. To determine whether agerelated Nrf2 dysregulation impairs the ability of vascular cells to mount an effective antioxidant response to oxidative stressors, we treated cultured aorta segments isolated from 3-moold (young) and 24-mo-old (aged) rats with H 2 O 2 (10 Ϫ6 to 3 ϫ 10 Ϫ5 mol/l) and high glucose (30 mmol/l). We found that H 2 O 2 significantly increased Nrf2 binding activity in nuclear extracts from carotid arteries of young rats, whereas H 2 O 2 -induced Nrf2 translocation to the nuclei was significantly less in aortas of aged rats (Fig. 4A) . In a dose-dependent manner, H 2 O 2 elicited substantial upregulation of mRNA and protein expression of Nrf2 target genes in young aortas (Fig. 4, B-G) . In contrast, H 2 O 2 -induced increases in mRNA and protein expression of GCLC, NQO1, and/or catalase were significantly attenuated in aortas of aged rats, compared with young vessels (Fig. 4, B-G) .
Model hyperglycemia significantly increased Nrf2 binding activity in nuclear extracts from carotid arteries of young rats, whereas Nrf2 translocation to the nuclei in response to 30 mmol/l glucose was significantly blunted in aortas of aged rats (Fig. 5A) . High glucose treatment also elicited significantly greater increases in GCLC mRNA expression in aortas of young rats (50 Ϯ 4%) than in aged vessels (18 Ϯ 6%; P Ͻ 0.05).
Model hyperglycemia elicits increased oxidative stress in aortas of aged rats. In aortas of aged rats baseline H 2 O 2 production was significantly increased compared with young vessels (Fig. 5B ). High glucose significantly increased H 2 O 2 production in aortas isolated from young rats (Fig. 5B) . The magnitude of high glucose-induced H 2 O 2 production was significantly greater in aortas of aged rats than on young vessels (Fig. 5B) .
Age-related decline in cellular resistance to oxidative stressinduced apoptosis in rat aortas.
Analysis of cytoplasmic histone-associated DNA fragments (Fig. 6A) showed that rate of apoptosis in aortic segments under baseline conditions increases as a function of age. Exposure to H 2 O 2 ( Fig. 6A ) significantly increased rate of apoptosis in each age group (P Ͻ 0.05). The magnitude of H 2 O 2 -induced DNA fragmentation significantly increased with age. Analysis of caspase 3/7 activity, which also indicates apoptotic cell death, yielded similar results. Figure 6 , B and C, shows that an inverse relationship exists between expression of Nrf2 target genes (GCLC, NQO1) and H 2 O 2 -induced caspase 3/7 activation. GCLC and NQO1 expression was used as an index of Nrf2 activity in this analysis.
We also found that high glucose treatment also significantly increased rate of apoptosis in each age group and that the magnitude of high glucose-induced DNA fragmentation significantly increased with age (Fig. 7A ). There was a significant positive correlation between high glucose-induced H 2 O 2 production and high glucose-induced caspase 3/7 activation, demonstrating that in aortas of aged rats the same metabolic stress elicits significantly greater oxidative stress and more cellular damage than in aortas from young rats.
DISCUSSION
Several lines of evidence suggest that stress-activated cap'n'collar transcription factors, including Nrf2, play an important role in regulating the aging process by orchestrating the transcriptional response of cells to oxidative stress (34) . Homologues of Nrf2 are evolutionarily highly conserved (35) , and studies on invertebrate model organisms demonstrate that knockdown of Nrf2 homologs in Caenorhabditis elegans (30) Fig. 3 . A: inverse relationship between expression of Nrf2 protein and vascular reactive oxygen species (ROS) production in aorta segments isolated from 3-, 18-, 24-, and 28-mo-old F344XBN rats. As a measure of vascular ROS production nuclear DHE fluorescence and release of H2O2 from the vascular tissues (assessed by the Amplex Red/ horseradish peroxidase method) were quantified. The regression is significant for both indexes. B: relationship between vascular H2O2 production and mRNA expression of the NF-B target genes ICAM-1 and IL-6. The regression is significant for both targets. C and D: inverse relationship between expression of GCLC (C) or NQO-1 (D) and expression of the NF-B target genes ICAM-1 and IL-6 in aorta segments isolated from 3-, 12-, 18-, 24-, and 28-mo-old F344XBN rats. The regression is significant for each target.
and Drosophila melanogaster (45) significantly shortens life span. In mammals, Nrf2-driven pathways confer cytoprotection by activating the transcription of more than 200 genes that are crucial in protection against oxidative stress. Previous studies suggest that genetic depletion of Nrf2 also affects the aging process in mice, increasing age-related cancer morbidity and abrogating the anti-cancer effects of caloric restriction (41) . Recent studies have demonstrated that Nrf2-driven pathways are functional in endothelial cells and they confer important antioxidative, anti-inflammatory, and anti-apoptotic effects (6, 22, 23, 31, 63, 65) .
Here we show for the first time that development of vascular oxidative stress in a rodent model of aging is associated with a homeostatic failure due to dysregulation of the Nrf2-mediated antioxidant response. Our present findings (Fig. 1, A and B) extend the results of previous studies (10, 12, 16) and provide evidence that vascular ROS generation in rats substantially increases after mid-life. In young animals adaptive activation of the Nrf2/ARE pathway has a critical role in endothelial protection in response to increases in vascular O 2 ·Ϫ and H 2 O 2 production. In young animals, upon ROS-induced activation, Nrf2 translocates to the nucleus, where it binds to the ARE to activate transcription of phase II and antioxidant defense enzymes, including NQO1 (a key component of the plasma membrane redox system), heme oxygenase-1, and ␥-glutamylcysteine synthetase (the rate-limiting enzyme for glutathione synthesis). Here we report that in aged rats despite the presence of significant oxidative stress, Nrf2 is not activated (Fig. 1, C and D) and Nrf2-driven gene expression is not induced (Fig. 2) . The mechanisms underlying dysregulation of Nrf2-mediated antioxidant response in aged cells are likely multifaceted. Our findings suggest that aging is associated with a downregulation of vascular Nrf2 expression both at the mRNA and protein level (Fig. 1, E and F) , which likely contribute to the agerelated decline in nuclear Nrf2 content and the consequential decline in transcriptional activity of Nrf2 in aged rats. Because age-related changes in Nrf2 content show a close inverse correlation with age-related increases in cellular ROS levels we propose that age-related Nrf2 dysregulation contributes to vascular oxidative stress in aging (Fig. 3A) . Aging may also impair the pathways that regulate Nrf2 activation and nuclear translocation. An important factor regulating Nrf2 activity is Keap1, a cytosolic repressor protein, which interacts with Nrf2, preventing its nuclear translocation. Importantly, Keap1 expression is upregulated in aging, which likely contributes to the dysregulation of Nrf2 activity by oxidative stressors. This view is supported by our recent findings demonstrating that overexpression of Keap1 in endothelial cells can abolish the adaptive antioxidant response in response to hyperglycemia (48) .
Previous studies indicated that age-related oxidative stress promotes vascular inflammation in aged animals by activating the redox sensitive transcription factor NF-B (56) . In line with these findings we found that there is a close correlation between vascular ROS production and expression of NF-B target genes during vascular aging (Fig. 3B) . We posit that Nrf2 dysfunction exerts proinflammatory effects by exacerbating ROS-mediated NF-B activation in aging. This concept is supported by the significant inverse correlation between agerelated upregulation of NF-B target genes and decreases in the expression of Nrf2 and Nrf2 targets (Fig. 3, C and D) . Furthermore, our recent data show that decreased Nrf2 expression and activity in smooth muscle cells derived from aged nonhuman primates is associated with an increased transcriptional activity of NF-B (49) .
It is unlikely that the threshold for ROS-induced Nrf2 activation is increased in aging since results from the present study show that exogenous administration of H 2 O 2 , which elicits significant induction of Nrf2-dependent genes in arteries of young rats, fails to substantially upregulate Nrf2-dependent free radical detoxification pathways in vessels of aged rats (Fig. 4) . Impaired H 2 O 2 -induced Nrf2 activation was recently also demonstrated in smooth muscle cells derived from aged nonhuman primates (49) . The impaired ability of aged cells to mount an effective Nrf2/ARE-mediated antioxidant response (2, 5, 7, 43) potentially renders the aged vascular system vulnerable to the deleterious effects of increased ROS production associated with various pathological conditions including type 2 diabetes.
Recent studies have shown that in young animals adaptive activation of the Nrf2/ARE pathway confers endothelial protection in response to oxidative stress associated with type 2 diabetes (47, 48) . In isolated blood vessels and endothelial cells Fig. 6 . A: H2O2 (10 Ϫ4 mol/l)-induced increases in cytoplasmic histoneassociated DNA fragments in aorta segments isolated from 3-and 24-mo-old F344XBN rats, indicating an increased rate of apoptosis in aged vessels. Data are means Ϯ SE (n ϭ 6). *P Ͻ 0.05 vs. no treatment; #P Ͻ 0.05 vs. 3 mo old. B: inverse relationship between expression of GCLC and H2O2-induced caspase 3/7 activation in aorta segments isolated from 3-, 12-, 18-, 24-, and 28-mo-old F344XBN rats. The regression is significant (P ϭ 0.001; r 2 ϭ 0.98). C: inverse relationship between expression of NQO1 and H2O2-induced caspase 3/7 activation. The regression approaches significance (P ϭ 0.06; r 2 ϭ 0.74). Data are means Ϯ SE (n ϭ 4 -6 for each data point). from young animals, high glucose also elicits significant mitochondrial ROS production (37, 55) , which significantly increases the transcriptional activity of Nrf2 (48) . In contrast, genetic lack of a functional Nrf2/ARE pathway results in significant increases in vascular ROS levels and a more severe endothelial functional impairment in arteries of young type 2 diabetic Nrf2 Ϫ/Ϫ mice compared with vessels of young wildtype controls (47) . Our present studies provide evidence that aging impairs the ability of vascular cells to mount an effective Nrf2-dependent antioxidant defense in response to metabolic stress in vitro (Fig. 5A) . As a result, diabetic conditions induce significantly more robust oxidative stress in the arteries of aged rats than in those of young animals (Fig. 5B) . Of note, type 2 diabetes is a disease of aging, affecting almost one in five of people over age 65. Because aging appears to sensitize the vasculature to the deleterious effects of diabetes, future studies should investigate the interaction of aging and type 2 diabetes, with special emphasis on the role of Nrf2 dysfunction in exaggerated microvascular complications observed in elderly patients with diabetes mellitus (3). Both aging (16) and diabetes mellitus (39) increase the production of reactive nitrogen species in the vasculature; thus future studies should also determine whether Nrf2 dysfunction sensitizes the blood vessels of aged animals to the deleterious effects of diabetesrelated nitrosative stress (46) . There are multiple mechanisms by which dysregulation of Nrf2 and exaggerated oxidative stress may promote the development of cardiovascular diseases in aging. Recent findings suggest that induction of Nrf2-driven free radical detoxification pathways confers significant anti-apoptotic effects in cultured endothelial cells (38) , similar to other cell types (27) . Previous studies and our present findings suggest that in aged vessels increased ROS production, coupled with Nrf2 dysregulation, is associated with an increased basal rate of endothelial apoptosis (12, 17, 40) . Our present studies extend these findings showing that Nrf2 dysregulation in aging is also associated with exaggerated cellular damage in response to H 2 O 2 or metabolic stress induced by model hyperglycemia (Figs. 6 and 7) . Age-related Nrf2 dysregulation and the increases in oxidative stress-induced NF-B activation are also likely to contribute to increased vascular inflammation in aged animals ( Fig. 3) (8, 18, 56) . The intimate link among aging, Nrf2 activation, and vascular health is also underscored by the observations that arteries of extremely longlived muroid rodents (P. leucopus, maximal lifespan: ϳ8 years) exhibit an increased expression of Nrf2-driven antioxidant enzymes, decreased cellular and mitochondrial levels of ROS, and increased resistance to the proinflammatory and proapoptotic effects of hyperglycemia compared with vessels of shorter-lived M. musculus (13, 33, 50, 54) .
Limitations of the study. We measured Nrf2 binding activity in carotid arteries, whereas oxidative stress and Nrf2-driven gene expression was determined in the rat aorta. Yet, we have good reason to believe that age-related phenotypic and functional alterations in the aorta and the carotid arteries are similar. We base this assumption on the following evidence. First, previous studies by us and others have shown that aging results in similar endothelial dysfunction as well as similar increases in oxidative stress in the aorta, carotid artery and coronary arteries in laboratory rodents (reviewed in Ref. 53 ). Finally, both the aorta and the carotid arteries are conduit vessels, which exhibit increased sensitivity to atherosclerosis in the elderly.
Conclusions
In conclusion, our studies provide evidence that aging impairs the ability of vascular cells to mount an effective Nrf2-dependent antioxidant defense, which likely renders the aged vasculature vulnerable to oxidative stress associated with metabolic disease and other pathophysiological conditions. There is a clear opportunity for pharmacological intervention to facilitate the efficiency of Nrf2-driven homeostatic mechanisms in aging. In that regard it is significant that in endothelial cells Nrf2 can be activated pharmacologically by the polyphenol resveratrol (47) . Importantly, resveratrol has been previously shown to upregulate Nrf2-driven cellular antioxidant systems and increase GSH levels with a consequential reduction of vascular oxidative stress, endothelial apoptosis, and inflammation in animal models of aging [independent of its effects on life span (36, 42) ]. Resveratrol was also shown to confer similar vasoprotective effects in animal models of accelerated vascular aging (40, 55-57, 66, 67) . Further studies involving animals with genetic depletion of specific Nrf2 targets (i.e., NQO1, heme oxygenase, glutathione peroxidase) are warranted to understand the role of individual antioxidant mechanisms in the vasoprotective effects of resveratrol and other Nrf2 activators in aging. Fig. 7 . A: high glucose (30 mmol/l)-induced increases in cytoplasmic histone-associated DNA fragments in aorta segments isolated from 3-and 24-mo-old F344XBN rats, indicating an increased rate of apoptosis in aged vessels. Data are means Ϯ SE (n ϭ 6). *P Ͻ 0.05 vs. no treatment; #P Ͻ 0.05 vs. 3 mo old. B: relationship between high glucose-induced H2O2 production and H2O2-induced caspase 3/7 activation in aorta segments isolated from 3-, 12-, 18-, 24-, and 28-mo-old F344XBN rats. The regression is significant (P ϭ 0.015; r 2 ϭ 0.89). Data are means Ϯ SE (n ϭ 4 -6 for each data point).
